Aiming at developing DLC coatings with not only their internal stress relaxed but also their adhesion improved, and their excellent mechanical properties such as high hardness, low friction coefficient, etc preserved at the same time, the deposition of Ti-containing DLC films by magnetron DC sputtering was examined using dual targets of titanium and carbon. The deposition of DLC films or Ti-containing DLC films were respectively carried out in the atmosphere of argon at the pressure of 0.4 Pa by sputtering of only a carbon target or by co-sputtering of both the carbon one and a titanium one. Both the DLC films and the Ti-containing DLC films obtained in this study looked dark brown and appeared to be semitransparent. According to Raman spectroscopy, a typical spectrum for DLC coatings was detected for the Ti-containing DLC films as well as for the DLC films. And it was found that the G band slightly shifted to higher wave numbers and the intensity of the D band was enhanced by co-sputtering, compared to the spectrum for the DLC films. Furthermore, based on both the indentation hardness and the electrical resistivity of the obtained films, it was found that some Ti-containing DLC films could have high hardness such as Si-wafer and could also have 100 times lower electrical resistivity than that of DLC films, at the same time.
INTRODUCTION
Diamond-like carbon (DLC) coatings feature excellent mechanical properties and chemical ones, such as high hardness, low friction coefficient, wear resistance and corrosion resistance, chemical stability, biocompatibility [1] [2] [3] , etc. Thanks to these properties, the coatings are attractive for industrial applications. However, stress concentrations are caused at the interface between DLC coatings and metallic substrates, due to the difference in elastic properties of the coatings and the substrates. This brings about problems in adhesion and endurance life of the coatings subjected to mechanical loadings, e.g. tribological or thermal stress.
In addition, hard DLC coatings have high compressive stress, and such high compressive stresses often lead to poor adhesion with substrates, especially with those of steel, which limits its use in practical applications. On the other hand, it is known that a thin intermediate layer such as titanium layer improves the adhesion between the coating and the substrate [4] [5] [6] . Besides DLC films having low metal contents show remarkably reduced residual stress.
Moreover, the above-mentioned mismatch in elastic properties can be moderated by making up a gradient structure with such metal contents gradually varying layer by layer [7] [8] [9] , if the elastic properties of their constituents continuously change with the metal content.
Therefore the deposition of Ti-containing DLC films by magnetron DC co-sputtering was examined with dual targets of titanium and carbon, aiming at developing DLC coatings with not only their internal stress relaxed but also their adhesion improved, and their excellent mechanical properties such as high hardness, low friction coefficient, etc. preserved at the same time.
EXPERIMENTAL
A planar magnetron sputtering system (ANELVA Corp. type L-332S-FHS) with 3 cathodes was used. The planar targets used for dual targets were a pure titanium disk and a pure carbon disk of 80 mm in diameter. Glass substrates were mounted on the water-cooled substrate holder, whose substrates were of a soda-lime glass mainly composed of 71.1 wt.% SiO 2 , 13.1 wt.% Na 2 O, 9.6 wt.% CaO and 4.4 wt.%MgO. The deposition of DLC films or Ti-containing DLC films were respectively carried out in the atmosphere of argon at the pressure of 0.4 Pa by sputtering with only the carbon target or by co-sputtering with both the carbon one and the titanium one.
The deposition by co-sputtering was performed under the condition that the carbon target was located at the distance of 90mm just under the glass substrate while the titanium target was located at the distance of 182mm in the same plane as that of the carbon one. The schematic illustration of this co-sputtering for the deposition of Ti-containing DLC films is shown in Figure 1 . DC powers supplied for the sputtering of the titanium target varied from 40W to 100W and that for the carbon one was fixed at 300W, respectively.
The compositions or titanium contents of obtained Ti-containing DLC films were evaluated by EPMA analysis. The indentation hardness was measured using a dynamic-ultra-micro-hardness tester (SHIMAZU Corp. type DUH-201S) with a triangular pyramid-shaped indenter. Uploading tests following loading tests were performed to exclude the displacement brought about by the elastic deformation. Thus the dynamic hardness was calculated from the depth where the indenter was indented as a result of the plastic deformation. The electrical resistivity of the obtained films was also measured with the four-point-method.
Furthermore the microstructure of the obtained films was characterized by Raman spectroscopy. Fig. 1 . Schematic illustration of the co-sputtering system for the deposition of Ti-containing DLC films onto substrates.
RESULTS AND DISCUSSION
Both the DLC films and the Ti-containing DLC films obtained in this study looked dark brown and appeared to be semitransparent.
The thickness of each obtained film was approximately 280 nm.
According to EPMA analysis, the compositions of Ti-containing DLC films by co-sputtering a carbon target and a titanium one with an electric power of 300W and 40W, 300W and 50W, 300W and 60W, 300W and 100W were approximately C-1.9at.%Ti, C-2.3at.%Ti, C-2.5at.%Ti and C-4.4at%Ti, respectively. Figure 2 shows the result of a loading and unloading test for a Ti-containing DLC film deposited by co-sputtering both a carbon target and a titanium one with an electric power of 300W and 50W respectively. The elastic deformation as well as the plastic one brought the displacement of the indenter in the loading process. On the other hand, the displacement in the unloading process was brought by the elastic deformation. Thus the dynamic hardness was calculated from the displacement of the indenter brought by only the plastic deformation, excluding that by the elastic one. Figure 3 shows the dynamic hardness of the glass substrate, Ti-containing DLC films deposited by co-sputtering both a carbon target and a titanium one, a DLC film deposited by sputtering only a carbon target and Si-wafer, normalized by the dynamic hardness of Si-wafer, i.e., 10GPa [10] [11] [12] . It was found that the Ti-containing DLC films were not as hard as the DLC film, and that the hardness of Ti-containing DLC films decreased with the increase of the electric power supplied to the titanium target. Moreover it was found that the hardest one of the Ti-containg DLC films preserved such a high hardness as Si-wafer. Fig. 3 . Dynamic hardness of the glass substrate, Ti-containing DLC films deposited by co-sputtering both a carbon target and a titanium one, a DLC film deposited by sputtering only a carbon target and Si-wafer, normalized by the dynamic hardness of Si-wafer, i.e. 10 GPa, where compositions of Ti-containing DLC films by co-sputtering a carbon target and a titanium one with an electric power of Ti40W-C300W, Ti50W-C300W, Ti60W-C300W, and Ti100W-C300W are approximately C-1.9 at.%Ti, C-2.3at.%Ti, C-2.5at.%Ti and C-4.4at%Ti, respectively. Figure 4 shows the electrical resistivity of Ti-containing DLC films obtained under the various electric powers supplied to a titanium target and the DLC film. It was found that the Ti-containing DLC films had much lower electrical resistivity than the DLC film, and that the electrical resistivity of Ti-containing DLC films decreased with the increase of the electric power supplied to the titanium target. Moreover It was found that the electrical resistivity of the Ti-containing DLC film deposited with the electric power of 40W could have 100 times lower electrical resistivity than that of the DLC films, even though it had the highest resistivity of Ti-containing DLC films. Thus based on both the indentation hardness and the electrical resistivity of the obtained films, it was found that some Ti-containing DLC films could have high hardness such as Si-wafer and could also have 100 times lower electrical resistivity than that of DLC films, at the same time. Fig. 4 . Electrical resistivity of Ti-containing DLC films deposited by co-sputtering both a carbon target and a titanium one, and a DLC film deposited by sputtering a carbon one.
Raman spectra of the DLC film deposited by sputtering only a carbon target with 300W and a Ti-containing DLC film by co-sputtering a titanium target and a carbon one with 50W and 300W respectively are shown in Figure 5 .
A typical spectrum for DLC coatings was detected for the Ti-containing DLC films as well as for the DLC films. And it was found that the G band slightly shifted to higher wave numbers and the intensity of the D band was enhanced by co-sputtering, compared to the spectrum for the DLC films.
CONCLUSIONS
Aiming at developing DLC coatings with not only their internal stress relaxed but also their adhesion improved, and their excellent mechanical properties such as high hardness, low friction coefficient, etc preserved at the same time, the deposition of Ti-containing DLC films by magnetron DC sputtering was examined using dual targets of titanium and carbon. Both the DLC films and the Ti-containing DLC films obtained in this study looked dark brown and appeared to be semitransparent.
According to Raman spectroscopy, a typical spectrum for DLC coatings was detected for the Ti-containing DLC films as well as for the DLC films. And it was found that the G band slightly shifted to higher wave numbers and the intensity of the D band was enhanced by co-sputtering, compared to the spectrum for the DLC films.
According to indentation hardness, it was found that the Ti-containing DLC films were not so hard as the DLC film, and that the hardness of Ti-containing DLC films decreased with the increase of the electric power supplied to the titanium target. Moreover it was found that the hardest one of the Ti-containing DLC films preserved such a high hardness as Si-wafer.
Based on both the indentation hardness and the electrical resistivity of the obtained films, it was found that some Ti-containing DLC films could have high hardness such as Si-wafer and could also have 100 times lower electrical resistivity than that of DLC films, at the same time.
